Pseudomonas aeruginosa is a Gram-negative pathogen and the major cause of mortality in patients with cystic fibrosis. The mechanisms that P. aeruginosa strains use to regulate intracellular zinc have an effect on infection, antibiotic resistance and the propensity to form biofilms. However, zinc homeostasis in P. aeruginosa strains of variable infectivity has not been compared. In this study, zinc homeostasis in P. aeruginosa Trent, a highly infectious clinical strain, was compared to that of a laboratory P. aeruginosa strain, ATCC27853. Trent was able to tolerate higher concentrations of additional zinc in rich media than ATCC27853. Further, pre-adaptation to additional zinc enhanced the growth of Trent at non-inhibitory concentrations but the impact of pre-adaption on the growth of ATCC27853 under the same conditions was minimal. The results establish clear differences in zinc-induced responses in Trent and ATCC27853, and how zinc homeostasis can be a promising target for the development of novel antimicrobial strategies for P. aeruginosa infection in cystic fibrosis patients.
INTRODUCTION
Respiratory failure caused by chronic Pseudomonas aeruginosa infection is the major cause of both morbidity and mortality in patients with cystic fibrosis (CF) (Govan and Deretic 1996) . P. aeruginosa occurs widely in the natural environment and can infect CF patients directly or via contact with respiratory secretions from other CF patients (Armstrong et al. 2002) . The Trent clonal strain was first identified as part of a small cluster of genetically identical, virulent P. aeruginosa strains infecting the lungs of CF patients in the UK (Scott and Pitt 2004) . Mucoid P. aeruginosa strains raise a vigorous antibody response, thereby contributing to tissue damage, decreased lung function and a decline in health in CF patients (Harder et al. 2000; Hoffmann et al. 2005) .
Zinc is an essential element in living systems and functions both as a co-factor in enzymes and a structural element in proteins (e.g. zinc fingers) (Andreini et al. 2006 (Andreini et al. , 2008 . At elevated concentrations, zinc can bind to DNA and proteins, thereby inhibiting normal cellular processes (McDevitt et al. 2011) .
Competition between the mammalian host and bacterial pathogen for essential elements, including metal ions such as zinc, occurs during infection. To counteract pathogenic invaders, the host mounts a 'metal-withholding' response in an attempt to starve microbes and thereby prevent microbial growth (Weinberg 1975) . Zinc homeostasis in P. aeruginosa is dependent upon the activity of uptake pumps, efflux pumps, intracellular transporters and zinc-binding proteins (Ellison et al. 2013; Hassan et al. 1999; Pederick et al. 2015) . Host-imposed zinc starvation is mediated by a variety of innate immune system proteins that effectively sequester essential metals from the bacterium. For example, calprotectin limits the availability of zinc and/or manganese to bacteria depending upon the physiology of the organism and the microenvironment (Hood et al. 2012) . The ability of several pathogens to withstand the antimicrobial activity of calprotectin relies upon their ability to produce metal transporters with high affinities for zinc or manganese (Corbin et al. 2008; Gaddy et al. 2014; Liu et al. 2012; Mortensen et al. 2014) . A recent study by D 'Orazio et al. (2015) found that inactivation of the ZnuABC (zinc uptake) transporter in P. aeruginosa did not affect the intracellular zinc content, thereby suggesting that P. aeruginosa is equipped with redundant mechanisms for zinc acquisition that could favour its colonisation of environments with low levels of this metal (D'Orazio et al. 2015) .
Intracellular zinc status in P. aeruginosa also impacts upon antibiotic resistance; for example, OprD (outer membrane porin) transcription is repressed by the regulatory protein CzcR (cobalt/zinc/cadmium) in the presence of excess zinc and resistance to the antibiotic carbapenem is enhanced (Caille, Rossier and Perron 2007) . In contrast, elevated extracellular zinc induces the addition of phosphoethanolamine to P. aeruginosa lipid A via the ColRS two-component system, thereby increasing resistance to cationic antimicrobial peptides (Nowicki et al. 2015) . Cellular zinc status in P. aeruginosa also influences the synthesis of virulence factors, such as pyocyanin; the addition of ZnO to growth media represses the phz operon (pyocyanin-related) (Lee et al. 2014) and the phzA1 promoter is targeted by CzcR which is overexpressed in the presence of zinc, regulating pyocyanin synthesis (Dieppois et al. 2012; Lee et al. 2014) .
Bacterial biofilms are sessile communities of microorganisms that adhere to biological surfaces via extracellular polysaccharides. Cellular zinc status has an impact on the ability of P. aeruginosa to form biofilms. For example, the addition of ZnO nanoparticles to growth media reduces biofilm formation by P. aeruginosa (Lee et al. 2014) . While ZnO can cause oxidative stress (Kumar et al. 2011 ) and biofilm production increases as a result of oxidative stress (Villa et al. 2012) , the specific role of ZnO in reducing biofilm development is unclear. In contrast, the addition of ZnCl 2 to artificial sputum stimulates biofilm formation by P. aeruginosa and increases the resistance of P. aeruginosa within those biofilms to carbapenem antibiotics (Marguerettaz et al. 2014) .
The viscous mucus that accumulates in the lungs of CF patients contains elevated concentrations of copper, zinc and iron (Gray et al. 2010; Smith et al. 2014) . There is an expanding body of evidence that these metal ions play a role in modulating bacterial virulence (Hodgkinson and Petris 2012; Samanovic et al. 2012; Benoit, Miller and Maier 2013; Fones and Preston 2013) and function as a selective pressure for antibiotic resistance, which affects treatment of infectious diseases (Reva and Bezuidt 2012) . Furthermore, zinc chelation limits P. aeruginosa virulence and can contribute to the effective management of antibiotic resistance in P. aeruginosa infections, including those in CF patients (Marguerettaz et al. 2014) .
Cellular zinc status has both direct and indirect impacts upon antibiotic resistance, biofilm formation and virulence in P. aeruginosa, but zinc homeostasis in the virulent clinical P. aeruginosa strain Trent remains uncharacterised. In this study, baseline fitness and antibiotic resistance of P. aeruginosa Trent were determined. Furthermore, the capacity of P. aeruginosa Trent to tolerate elevated zinc was measured and the impact of zinc pre-adaptation on subsequent growth in elevated zinc was evaluated. The comparison of zinc homeostatic mechanisms between clonal strains of P. aeruginosa, such as Trent, and an avirulent strain has not been undertaken. Therefore, the growth of P. aeruginosa Trent in elevated zinc was compared to that of an avirulent, laboratory P. aeruginosa strain, ATCC27853.
MATERIALS AND METHODS

Strains and growth requirements
P. aeruginosa Trent (Scott and Pitt 2004) was obtained from the Institute of Infection and Global Health, University of Liverpool, UK. P. aeruginosa ATCC27853 was purchased from In Vitro Technologies (Australia). P. aeruginosa ATCC27853 and Trent strains were revived from storage by overnight culture at 37
• C on nutrient agar, a basal bacterial culture medium (Difco, Australia). Growth experiments were undertaken as follows: liquid cultures of P. aeruginosa in nutrient broth (Difco, Australia) grown overnight at 37 • C with shaking (100 rpm) were diluted 10-fold into preheated broth, transferred into 96-well plates and cultured in a preheated SPECTROstar Nano plate reader (BMG Labtech, Australia) at 37
• C for 42 h with shaking (100 rpm). The optical density (OD 600 nm ) of wells was measured automatically every 30 min, and the average optical density was calculated from measurements obtained from a minimum of eight wells. All growth curve experiments were repeated three times.
Zinc dose-response
Zinc stock solution (0.5 M) was prepared using ZnSO 4 (SigmaAldrich, Australia) and sterilised by filtration (0.22 μm). Overnight cultures of P. aeruginosa in nutrient broth were diluted 10-fold into preheated nutrient broth containing additional zinc, transferred into 96-well plates and cultured at 37
• C with shaking (100 rpm) for 24 or 36 h (depending upon the length of the lag phase identified during initial testing). The initial zinc concentrations were 0.1 μM, 1 μM, 10 μM, 100 μM, 1 mM and 10 mM. Subsequent analyses at intermediate additional zinc concentrations defined minimum inhibitory and maximum permissive concentrations for each strain. P. aeruginosa was pre-adapted to zinc by overnight culture in nutrient broth containing additional zinc at 37 • C with shaking (100 rpm). The concentration of additional zinc in the overnight culture was the same as the zinc concentration in the nutrient broth used to measure the zinc doseresponse. Dose-responses were undertaken three times with at least four biological replicates per zinc concentration.
RESULTS
Trent grows significantly faster and to a higher cell density than ATCC27853 in complete media
Enhanced infectivity in pathogenic bacteria is often associated with more rapid exploitation of available nutrients (Somerville and Proctor 2009) . Analysis of growth kinetics reveals that Trent grows significantly faster (average growth rate = 0.12 increase in OD 600nm h −1 ) than ATCC27853 (average growth rate = 0.08 increase in OD 600nm h −1 ) in the first 12 h of liquid culture in complete media (Fig. 1) . Furthermore, the maximum cell density observed for Trent is ∼40% higher than that observed for ATCC27853. In addition, Trent enters stationary phase ∼4 h earlier than ATCC27853.
The molecular mechanisms by which Trent detoxifies excess zinc are more efficient than those in ATCC27853
Bacterial cells utilise a wide range of molecular mechanisms (e.g. downregulation of uptake, upregulation of efflux, internal and external sequestration) to detoxify excess zinc (Bhagat and Srivastava 1994; Blindauer et al. 2001; Pederick et al. 2015) . Therefore, zinc was added to the growth media and cell density was monitored to determine the overall 'capacity' of these mechanisms in the P. aeruginosa strains ( Fig. 2A) . At non-inhibitory zinc concentrations, Trent reached a significantly higher cell density (P < 0.0001; average OD 600nm = 1.122 ± 0.059) than ATCC27853 (average OD 600nm = 0.81 ± 0.119) after 12 h. The minimum inhibitory Zn 2+ concentration after 12 h growth is 0.1 mM for Trent and 0.1 mM ATCC27853. Furthermore, the zinc concentration that inhibits growth after 12 h by 50% (IC 50 ) is significantly increased for Trent (P < 0.0001; 0.530 ± 0.018 mM) compared to ATCC (0.454 ± 0.054 mM). Finally, for both strains, ∼1 mM zinc is sufficient to inhibit growth over a 12-h period. Bacterial growth was monitored for 24 h post-inoculation to provide more information about the impact of increasing zinc concentration on the growth of Trent and ATCC27853 (Fig. 3A  and B) . The decrease in maximum cell density in Trent culture over an equivalent period in complete media (Fig. 1) was also observed in the presence of increasing concentrations of zinc (Fig. 3A) . ATCC27853 can not only maintain maximum cell density for at least 24 h in complete media (Fig. 1) but is also able to maintain maximum cell density for an equivalent period in the presence of increasing concentrations of zinc (Fig. 3B) . At inhibitory zinc concentrations, the lag phase for both strains increases in a zinc dose-dependent manner in addition to reduction in maximum cell densities (Fig. 4) . There is no increase in lag phase in Trent culture until the additional zinc concentration exceeds 0.4 mM but the lag phase for ATCC27852 increases at additional zinc concentrations exceeding only 0.025 mM. However, above 2.5 mM additional zinc, the effect on the duration of lag phase is equivalent for both strains.
Pre-exposure to zinc affects the zinc dose-response of both Trent and ATCC27853
The zinc dose-response demonstrates that lag phase in both Trent and ATCC27853 is extended significantly at high zinc concentrations. Virulence includes the capacity of the bacteria to more swiftly adapt to their environment and the addition or removal of metal ions from the local environment of an invading bacterial cell is part of the host defence response (Nutritional immunity) (Stafford et al. 2013) . Therefore, the impact of preadaptation to elevated zinc on the zinc dose-response of Trent and ATCC27853 was assessed (Fig. 2B) .
Trent pre-adapted to zinc reached a significantly higher cell density (P = 0.0018) after 12 h (average OD 600nm = 1.215 ± 0.124) in the presence of non-inhibitory zinc concentrations than it did in the absence of pre-adaptation (average OD 600nm = 1.122 ± 0.059) (Fig 2B) . The increase in cell density after 12 h resulting from pre-adaptation of ATCC27853 at non-inhibitory zinc concentrations was also significant (P < 0.0001; absence of zinc average OD 600nm = 0.81 ± 0.119 vs pre-adapted zinc average OD 600nm = 0.99 +/−0.12) (Fig. 2B) . There was not a statistically significant decrease in the minimum inhibitory zinc concentration and IC 50 for ATCC27853 pre-adapted to zinc (P = 0.414); however, for Trent, there was a statistically significant increase in the IC 50 pre-adapted to zinc (P < 0.0001). Hence, the impact of preadaptation on sensitivity to added zinc was more pronounced for Trent than ATCC27853; pre-adaptation increased the IC 50 for Trent from 0.530 ± 0.018 to 1.614 ± 0.246 mM but decreased the IC 50 for ATCC27853 from 0.45 ± 0.054 to 0.42 ± 0.2 mM. For both strains, pre-exposure to zinc did not significantly alter the maximum zinc concentration that either strain could tolerate. However, pre-exposure to 5 mM added zinc did enable ATCC 27853 to grow (albeit with a 13-13.5 h lag phase) under conditions that could not support the growth of Trent (Fig. 3C and D) .
Bacterial growth was monitored for 24 h post-inoculation ( Fig. 3C and D) to provide more information about the effect of pre-adaptation to zinc on the Trent and ATCC27853 zinc doseresponse. Zinc pre-adaptation increases the maximum cell density for both Trent and ATCC27853 at 12 h post-inoculation at non-inhibitory zinc concentrations ( Fig. 2C and D) . This was representative of a general increase in maximum cell density (Fig. 3) presented extended lag phases for the P. aeruginosa strains Trent (solid, solid line) and ATCC27853 (hollow, dotted line). Lag phases caused bacterial culture to reach stationary phase after 24 h. Lag-log phase transition was identified using Student t-tests (P < 0.05).
regardless of culture duration ( Fig. 3C and D) . Furthermore, despite pre-adaptation to zinc, there was no change in the capacity of either strain to maintain maximum cell density once reached. Importantly, the increase in maximum Trent cell density after pre-adaptation to zinc was insensitive to culture duration (Fig. 3C ).
DISCUSSION
Pathogenic P. aeruginosa is a major cause of recurrent lung infections in CF patients and therefore a major determinant of a CF patient's life expectancy. This study was undertaken to evaluate the metabolic characteristics of an infective clonal strain of P. aeruginosa Trent, which is known to cause severe and recurrent lung infections in CF patients. This is the first report describing the growth characteristics of the P. aeruginosa Trent strain compared to a laboratory strain. A key component of pathogenicity is the rate at which bacteria can adapt to, and take advantage of, changing environments and/or resources. In an infection, the speed at which bacteria can attach to, or invade, host target cells can influence exposure to host cell responses. Bacterial growth depends on the following three factors: (i) the genetic background of the strain, (ii) the physiological history of the bacteria used for inoculation and (iii) the chemical composition of the growth medium (Ehrenberg et al. 2013) . P. aeruginosa strains isolated from CF lung infections have developed specific phenotypic traits that enable them to adapt to CF airway conditions, including oxidative stress, decreased susceptibility to immune response and enhanced tolerance to antibiotics (Sousa and Pereira 2014) . To date, no studies have compared the relative 'fitness' of Trent to a non-pathogenic P. aeruginosa strain. The findings presented herein indicate that Trent has the differential capacity to (i) utilise nutrients in complete growth media for faster reproduction, (ii) utilise nutrients to produce a greater cell density and (iii) maintain this cell density well into the stationary phase of its growth cycle. The results demonstrate the superior growth and replication rate of Trent compared to ATCC27853 and support the hypothesis that Trent has evolved specifically to the CF lung environment (i.e. under stress).
Dose-response data obtained at a single time point do not provide complete information about the impact of a media additive on growth in culture. Therefore, dose-response kinetic data were obtained for each P. aeruginosa strain. Clear differences were observed between Trent and ATCC27853 using this approach; for example, the growth curve of Trent, shifts from short log and stationary phases to prolonged log and stationary phases above ∼0.1 mM of additional zinc. Furthermore, increasing lag phases for both strains at increasing zinc concentrations were observed. Lag phase is an important growth phase associated with transient metal ion influx/efflux (Rolfe et al. 2012) . Extended lag phase due to stress can result in the upregulation of transcription of regulatory genes (including those that encode for putative oxidoreductases, control cysteine biosynthesis and iron-sulphur cluster assembly, and antibiotic resistance) that enable growth under an altered environment (Wang et al. 2009 ). The lag phase in Trent culture begins to increase at 0.400 mM zinc, whereas the lag phase in ATCC27853 culture begins to increase at a significantly lower additional zinc concentration (0.025 mM). Therefore, while the growth of Trent is affected less at lower concentrations of zinc, it is just as susceptible to zinc inhibition at higher concentrations as is ATCC27853. The cause of the apparent sensitivity of the lag phase of ATCC27853 to zinc and the apparent lack of zinc concentration dependence on the increase in lag phase in ATCC27853 culture until 0.025 mM zinc is added is not immediately clear. Likewise, it is not immediately clear why ATCC27853 is able to grow after pre-exposure to 5 mM zinc with a lag phase of 12-16 h while there is no evidence for the growth of Trent under the same conditions. Given that the increased concentration of zinc in the lung sputum of CF patients ranges from 0.68 to 1.81 mg/L (0.010-0.028 mM) which falls within the range of added zinc in this study, further studies are required to understand the cellular mechanisms underlying the tolerance of Trent to zinc in this concentration range and the increase in lag phase of ATCC27853 (Smith et al. 2014) .
The zinc dose-response of a bacterial strain results from the combination of the rate of deployment of zinc tolerance mechanisms and the capacity of those mechanisms to detoxify excess zinc. To investigate the capacity of zinc detoxification mechanisms in Trent and ATCC27853 independently of their rate of deployment, cells were pre-adapted to zinc prior to zinc doseresponse analysis. The results suggest that Trent has an enhanced capacity to utilise zinc at non-inhibitory concentrations after zinc pre-exposure and is therefore 'poised' to respond to increased concentrations of zinc. This may reflect the unique environment of the CF lung from which Trent was sourced; the zinc concentration in CF lung sputum zinc (∼0.010-0.028 mM) falls within the non-inhibitory zinc concentration range in the present experiment.
Metal ion homeostasis is central to the metabolism of bacterial pathogens and bacteria acquire zinc from their environment. Intracellular zinc levels are impacted upon by extracellular zinc concentration, and extracellular zinc concentration is perturbed in the lungs of CF patients; therefore, we evaluated the effect of changing extracellular zinc on the growth kinetics of two strains of P. aeruginosa, a key pathogen in the CF lung. We describe, for the first time, the differences in fitness between Trent strain and a laboratory strain, and the differential impact of extracellular zinc on the fitness of these strains. Additional studies are required to further understand the nature of the genetic and physiological traits of the Trent strain. Extracellular zinc influences P. aeruginosa growth, infection, persistence, resistance to antibiotics and propensity to form biofilms. The results herein represent the first step in the development of intervention strategies based on modulation of zinc ion homeostasis to treat severe CF lung infection caused by P. aeruginosa Trent.
